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ABSTRACT
Tough behavior of ceramic matrix composites is closely related to the weak
interface between fiber and matrix. The weak interfaces in composites have been
provided by reducing the chemical bonding and the residual thermal stresses
between constituents. A new way to introduce the weak interface by induced
porosity or damaged zones, so called porosity toughening or damage toughening
respectively, was proposed in this study to provide the rationale for guiding
development of oxide/oxide composites. The existence of porosity toughening
was examined by qualitative theoretical consideration and experiments.
Porous oxide/oxide composites were fabricated using alumino-silicate fibers
(Nextel 440) and magnesium alumino-silicate matrix (1:1 mixture of kaolinite and
talc), and sintered at 1100 ° C and 1200 0 C. Both type of composites failed
non-catastrophically in bending and tensile tests. The porous matrix composites
showed the low ultimate strength of 12.7±3.4 MPa, but showed high work of
fracture of 630±206 J/m 2 for the specimens fired at 1100° C when tested in
tension. Damaged zones or porous phases were introduced into the interface
region of model composites and effects determined using single fiber pullout
specimen or a single rod pullout specimen. Single fiber pullout specimens with a
damaged zone (by the oxidation of SiC fiber in situ) produced higher frictional
stress than debonding strength. Frictional stresses increased up to 6.4 ± 3.4 MPa
as pullout of the damaged fiber proceeded. The porous phase was produced by
coating alumina rods with zirconia or alumino-silicates fired at various
temperatures. Distinct changes in pullout behavior were observed in data for the
specimens with an alumino-silicate coating fired at 1450° C. Magnitudes of
frictional stress and debonding strength of the interface were both less than 2
MPa. Both coatings produced a gradual change of the pullout load during the
pullout tests.
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I. INTRODUCTION
Ceramic materials have not been widely accepted as structural materials
because of their brittle character. Catastrophic failure often follows an almost
entirely elastic deformation. They can provide superior properties such as
stiffness, strength and refractoriness, and thus, efforts continue to improve
mechanical behavior. The typical behavior of a conventional brittle ceramic
material under applied stresses is compared with that of a generally tough
material in Fig. 1. The mechanical behavior of a brittle ceramic material
illustrated here can be described by

°y

= ° u ts = °u

ey ~

c u t s = €u

(1)

And that for tough materials can be described as

°y

-

au ts * au

€ y < 6u t s < e u

(2)

where ay = apparent yield strength
a uts = apparent ultimate tensile strength
ou

= apparent fracture strength

ey

= apparent yield strain

€ uts = apparent strain corresponding to ultimate tensile strength
e u = apparent strain-to-failure

Strain-to-failure of monolithic ceramics at room temperature is about 0.1% which
is two orders of magnitude less than that of conventional tough materials, e.g.,
metals.

STRESS

2

STRAIN
(a)

Fig. 1.

STRAIN
(b)

Mechanical Responses of (a) Brittle Material and (b) Tough Materials under
Applied Tensile Load.
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The toughness of materials is defined as the total energy absorbed by the
materials during the failure procedures which can be characterized by the area
under the stress-strain curve or the load-displacement curve. Toughness of
conventional ceramic materials is typically very small since there are normally no
extant energy absorbing mechanisms after the yield.
The toughening of ceramic m aterials has been enhanced by various
techniques in which a second phase introduced into the brittle matrix provides
energy absorbing mechanisms. Second phase materials used for this purpose are
ductile m aterials [1], phase transform able m aterials [2], whiskers [3] and
continuous fiber-form ceramic materials [4]. The continuous fiber reinforced
ceramic matrix has provided the most promising results. The early work of D. C.
Phillips [5] showed that a glass can be toughened through reinforcement with
carbon fibers. According to his results, the strain-to-failure was increased about
an order of magnitude and fracture energy increased approximately three orders
of magnitude. Silicon carbide fibers were also used successfully to toughen
lithium alumino-silicate glasses [6] and glass ceramics [7]. The mechanical
responses of these materials are illustrated in Fig. 2 with the corresponding
toughening mechanisms indicated for them. These systems display energy
absorbing mechanisms (i.e. toughening mechanisms), after yield of composites
such as multiple fracture of the matrix, fiber debonding, delamination of plies,
and fiber pullout. It is crucial to note, however, that some combinations of fiber
and matrix do not show the composite fracture behavior illustrated in Fig. 2,
rather they exhibit failure similar to monolithic ceramics [8].
It is found that the ceramic matrix composites which show the above
mentioned toughening mechanisms usually have a very weak interfacial bonding
between fiber and matrix in the range of a few MPa [9]. In other words, the weak
interfacial strength between the fiber and matrix is often the prerequisite to enable

4

Fig. 2.

Stress-Strain Behavior Fracture Patterns of Composites.
(a) Carbon Fiber Reinforced Glass under Bending Stress, V f = 40%.
(b) Silicon Carbide Fiber Reinforced Lithium Alumino Silicate under Tensile
Stress.

5

the toughening mechanisms in ceramic matrix composites. This implies that each
component behaves somewhat independently during the failure processes.
Interfacial strength can be controlled by chemical methods, physical methods or a
combination of the two. The chemical modification of the interfacial strength can
be done by choosing different combinations of constituents or by coating the
fibers. Coating of the fibers has been preferred in recent studies [10] since the
choice of commercially available fibers is limited. A nother possibility for
controlling the interfacial strength is through alteration of the morphology at the
interface by a physical method. Porosity at the interface in the matrix or a
damage zone at the interface, e.g., damaged fibers, can provide the reduced
contact area between the fibers and matrix from which a weaker interfacial
strength would result. Utilization of a porous matrix system has been avoided for
high tem perature applications since a porous matrix cannot protect non-oxide
fibers from oxidation at high temperature. With the availability of commercial
oxide continuous fibers, in particular alumina fibers, it will be appropriate to
examine the possibility of introducing porous regions into oxide or silicate
ceramic matrix composites.
The purpose of the present study was to examine the effects of porous
matrices on the fracture behavior of ceramic matrix composites by several
experimental approaches and to formulate some early behavior models. In a
theoretical approach, porosity effects on mechanical properties of monolithic
ceramics were qualitatively combined with the criteria for tough composites. The
theoretical concepts were examined by mechanical testing of porous matrix
composites with oxide fibers and oxide matrices. The effects of damaged zones
and porous coatings forming interface regions on fiber pullout behavior were also
studied by performing single fiber pullout experiments.
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II. TOUGHENING MECHANISMS IN CERAMIC MATRIX COMPOSITES
In reconsidering the failure processes and the toughening mechanisms of
ceramic matrix composites, it may be appropriate to redefine ceramic matrix
composites since the term has a very broad meaning. Ceramic matrix composites
are considered to include ceramic materials which are reinforced by dispersed
phases of varying shape. The ceramic matrix composites in the present study
were constituted from ceramic matrix materials reinforced by unidirectionally
aligned continuous ceramic fibers. Understanding of failure procedures and
toughening mechanisms in this specific system will be basic to expand our
knowledge of more complex composite laminates.

A. FRACTURE TOUGHNESS AND TOUGHNESS
Fracture toughness and toughness of materials have different meanings. In
order to design methods for producing tough ceramics, it is essential to define the
meanings of these two terms and to clarify their implications for materials
development strategies.
The quantitative definition of fracture toughness, based on a concept
originating in linear elastic fracture mechanics (LEFM), is the critical intensity
factor of isotropic materials in plane strain conditions in a mode I failure
(opening mode), Kjq [11]. Fracture toughness, K j q is considered by materials
scientists as a material constant. It has a relationship with fracture strength, a u,
and Griffith’s fracture surface energy 7 0 [12].

1
and

KIC =

(3)

Y° U C

1
KIC = (2E7 o )

(4 )

where Y is a dimensionless constant which depends on the geometry of loading
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and the crack configuration, C is a critical crack length and E is Young’s modulus.
K ic is widely used when discussing engineering design data but does not have a
singular scientific meaning.
From equation 4, another scientific term can be defined, that is, a critical
strain energy release rate gj£ in mode I failure [12]

9 i c = K ic /E = 2 7 0

(5 )

gjC is also considered as a material constant which has a meaning of
resistance to crack extension.
From the assumptions of LEFM, 7 0 is equivalent to the thermodynamic
surface energy. In real fracture processes, fracture surface energy is larger than
the thermodynamic surface energy because real fracture processes often consist
of several irreversible phenomena and the crack surface is not ideally flat as
assumed in LEFM. Equations 4 and 5 can be written as [12]

KIC = (2 E7 i)

(6 )

9ic = Kic/E = 2?i

(7)

where 7 j is effective surface energy, i.e. the fracture surface energy in real
fracture processes.
In linear elastic fracture mechanics, fracture will be expected when the
stress intensity factor of the system, which considers the material geometry, crack
configuration and stress applied, exceeds the fracture toughness of the material
[ 12].

KI > K IC

(8 )

8

or

91 > 9IC

(9 )

Kj is the stress intensity factor and gj is a strain energy release rate, or so
called driving force for crack extension, gj has a relationship with Kj as
follows [11]

2

gj = Kj/E

for plane stress
2

gj = (1 - v 2) Kj/E

for plane strain

(10)

Obviously, in order to avoid the failure of a material, a high fracture
toughness is required. Toughening of a material can be achieved when either
the Young’s modulus and the fracture surface energy or both properties of the
material are increased. Accordingly, a material can be toughened through the
incorporation of a second phase which has a higher Young’s modulus or higher
fracture surface energy than the matrix m aterial, provided that the two
constituents are bonded sufficiently.
A nother quantitative m easure of toughness is the area under the
stress-strain curve of a material, i.e. toughness, 7 1is [13]

u
a de

(11 )

As can be seen from above equation, toughness depends strongly on the
whole process of failure. This implies that each step of the failure process must
be controlled in order to increase the toughness.
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B. MECHANICAL BEHAVIOR OF CERAMIC MATRIX COMPOSITES
It is well known that the mechanical behavior of ceramic matrix composites
depends on the interfacial strength between the fiber and matrix as well as the
volume fraction of the fiber [14]. Properly designed ceramic matrix composites
show desired toughening effects in their mechanical behavior [9] (Fig. 3a).
The mechanical behavior of ceramic matrix composites under tensile
loading can be distinguished by two phenomena; the matrix failure and the fiber
failure. Generally, a matrix phase has smaller failure strain than does the fiber
phase. Thus, the matrix fails first and the load is transmitted to the fibers. If the
volume fraction of the fiber is larger than the critical value, Vcr^t, which is the
volume fraction of the fiber for the composite to survive after the load
transmission from the matrix, the composite would carry load until the fibers
break.
The behavior of the composite after first matrix cracking depends on the
interfacial strength of the composite. If there is no physical or chemical bond
between the fiber and matrix, all the load would be applied to the fibers until the
fibers break, and after the failures of the fibers, the composite no longer would
possess a load carrying capacity. This case is illustrated in Fig. 3b. The slopes of
the stress-strain curve before and after the matrix failure are E c and EfVf,
respectively. E c is the Young’s modulus of the composite in the fiber direction.

Ec = Efvf + Emvm
where

Ef = Young’s modulus of the fiber
Em = Young’s modulus of the matrix
Vf = volume fraction of the fiber
Vm = volume fraction of the matrix, 1 - Vf

(12)
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Fig. 3.

Mechanical Behavior of Various Ceramic Matrix Composites.
(a) SiC-LAS. (b) Vf > Vcrit, r L - 0, ^ is a interfacial strength.
(c) Theoretical consideration when V f > V crlt,
is small, (d) V f > Vcrit, r x is
large.
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In functioning systems, either a physical or a chemical bond exists between
the fiber and the matrix. If the interfacial strength is small enough to guarantee
fiber survival after the initial matrix cracking, a portion of the load transmitted
from the matrix to the fibers would be retransmitted to the matrix due to this
interfacial stress. This causes some successive fracture of the matrix. After the
sequential multiple fracture of the matrix, most of the applied load is taken by the
fibers until the fibers break. After the fiber failure, the broken fibers must be
pulled out from the matrix causing the composite to lose total integrity. This
behavior is illustrated in Fig. 3c.
When the interfacial strength is large, the composite follows the behavior
shown in Fig. 3d. In this failure mode, transition from non-catastrophic failure to
catastrophic failure seems to be affected by the volume fraction of the fiber, fiber
diameter, interfacial strength and etc. [15] , however, there is no complete
explanation as yet. An important aspect may be the role of the increased strain to
failure of the matrix due to the suppression of matrix cracking by bridging of the
fibers in the crack wake [16].

C. TOUGHENING MECHANISMS
Toughening mechanisms of ceramic matrix composites can be studied by
examining the fracture behavior of these materials. As can be seen from Fig. 3a,
the distinguishing features of the mechanical behavior of these materials are the
multiple cracking of the matrix prior to the failure of the fibers and the failure of
the fibers followed by fiber pull out. Separate phenomena expected to happen
during the failure of composites are illustrated in Fig. 4. The debonding of the
fibers from the matrix is generally observed during the matrix cracking and the
failure of the fiber. Delamination is a common feature of recently developed
commercial ceramic matrix composite laminates [15]. These are the major

(a)

Fig. 4.

Toughening Mechanisms of Ceramic Matrix Composites.
(a) Fiber Debonding.
(b) Multiple Cracking of Matrix.
(C) Fiber Pullout.
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toughening mechanisms for ceramic matrix composites reinforced by continuous
fibers. The toughening mechanisms of ceramic matrix composites and other types
of ceramic m aterials are compared in Table I. Although other types of
toughening mechanisms such as crack branching and crack deflection, can be
involved as toughening mechanisms of composites, these are not considered here
since their contribution is orders of magnitude smaller than those from the major
toughening mechanisms listed in Table I. Three major toughening mechanisms
are discussed in detail in terms of the related energies absorbed.

1. Multiple Cracking of the Matrix. The matrix will crack altering the
stress state over a distance between L and 2L where L is a characteristic distance
proposed from a simple shear lag theory [14] (Fig. 5). The fracture surface
energy absorbed by this phenomenon is,

7 c = 27m vm n

(13)

where 7 c = fracture surface energy per unit area of the composite
7 m = fracture surface energy of the matrix
Vm = volume fraction of the matrix
n

= number of matrix "blocks" per unit length of the composite

2. Debonding of the Fibers. If L j is an average debonding length per each
matrix block, the debonding energy absorbed is [14]

Tdb = 2Ld v f gj. n / r

where 7 db == debonding energy per unit area of composite
gj

= debonding energy of interface between fiber and matrix

(14)

14

om

Of

ac/N

Fig. 5.

ajN

Of

om

ajN

Force Balance Diagram in the Region of the Matrix Crack
constant).

is assumed

Table I.

Toughening Mechanisms of Ceramics

Monolithic and
Ceramic Matrix
Reinforced by Particulates

Ceramic Matrix Composites
Reinforced
by Continuous Ceramic Fibers

Crack Deflection

Multiple Cracking of Matrix

Phase Transformation
of Second Phase

Fiber Pullout

Interlocking of Rough
Fracture Surface

Delamination
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3. Fiber Pullout. The energy required to pull out a single fiber is

[Lp

27trrsL dL = 7rrrsLp

(1 5 )

0
where 27trrsL = pullout load for each fiber
r = radius of the fiber
r s = frictional stress
L = fiber length

Lp = average length of fiber pull out
The total energy required to pull out all the fibers becomes [17]

y p = 7rrT sLpN

=

r sV fL^/r

where 7p = pullout energy per unit area of composite
N = total number of fibers per unit area of composite, Vf/(7tr2)

(16)

17

III. CRITERIA FOR MULTIPLE CRACKING OF THE MATRIX
Multiple cracking of the matrix is a prerequisite for toughening of the
ceramic matrix composite. Conditions for this phenom enon relate to the
interfacial strength, the volume fraction of the fibers and the mechanical
properties of the fiber and the matrix. Various criteria for multiple cracking of
the matrix have been postulated. Those in analyses by Aveston, Cooper and Kelly
[14] and by Evans and his colleagues [18,19] have attracted much attention. They
will be reviewed while categorized as a force balance approach, an energy balance
approach and process zone approach. The materials properties of composites are
considered as will be seen in these respective approaches.

A. FORCE BALANCE APPROACH
In the force balance approach, the load carrying capacities of each
constituent are important. For ceramic matrix composites the matrix has a
smaller strain-to-failure than the fiber, i. e.

e fu > 6mu

(17)

At the first tensile failure of the matrix, the load carried by the matrix is
transferred to the fibers whether there is an interfacial bonding or not. If the load
carrying capacity of fibers is greater than the sum of the transmitted load and the
load carried by the fibers just before the load transfer, the composite will survive
after the first matrix cracking. Thus,

°fu v f > amu vm + a t v f

where of is the stress on the fibers before the first failure of the matrix, i. e.
°' f = Ef fmu

(18)
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Rearranging Equation 18 for the volume fraction of the fibers, the critical
volume fraction of the fibers for multiple cracking of the matrix, Vcrjt, can be
found [14].
°mu
vcrit >

--------------°fu + °mu " °'t

(19)

Let fg be E m/Ef, and fe be e mu/€ fu . By using Hooke’s Law (a = E e ),
Equation 19 becomes,

fE fe

vcrit >

(20)
1 + f E f e - f€

Either Equation 19 or 20 is a criterion for multiple cracking of the matrix. Fig. 6
shows the dependence of Vcrjt on fg and fe .
If the condition of force equilibrium is fulfilled and there exists a chemical
or physical bond between the fiber and matrix, the successive matrix cracking can
occur far from a characteristic distance from the fracture surface of the matrix
crack. This characteristic distance can be evaluated from the force balance
equation in the matrix. From Fig. 5, a characteristic distance L is [14]

vm a mu r
L = ------------------Vf
2r i

( 21)

Additional elongation of the fibers will occur when the load is transmitted
from the matrix to the fiber. Bridging fibers will carry additional load, a mVm.
The additional strain of the fibers at the matrix crack, Ae, will be
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(a)

Fig. 6.

Dependence of Critical Volume
and the Strain-to-Failure of
(a) Critical Volume Fraction
(b) Critical Volume Fraction

(b)

Fraction of Fiber on the Ratios of Young's Modulus
Matrix to Fiber.
of Fiber vs. Strain-to-Failure Ratio.
of Fiber vs. Young's Modulus Ratio.
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a m V.m
A6

a £mu

E f V,

where

a =

—

—

Vf

Ef

(2 2 )

According to the theory of ACK [14] , the multiple crack will be formed
between the matrix block with the lenght between L and 2L. The stress
distribution after the matrix cracking is illustrated in Fig. 7.

B. ENERGY BALANCE APPROACH
In a system which can show multiple matrix cracking, each matrix crack runs
completely across the specimen normal to the fibers. In order to formulate the
energy balance for this phenomena, it is considered that a single crack runs in a
matrix block of length 2L under a condition of fixed load, which results in the
production of two matrix blocks of length L. It is noted that six separate
phenomena are involved to form the single crack [14,19].
(i) Since the additional average strain (ae mu/2) is introduced into the fibers
of length 2L, the total work done by the applied stress over this distance is

AW = Ec €mu a E

(23)

(ii) If debonding occurs over the length of 2L, the energy absorbed due to
the interfacial debonding between the fiber and the matrix is

"Mb = 2L (27tr) N <?i

and introducing Equation 21, the above equation becomes

(24)

Characteristic Distance

Fig. 7.

Stress Distribution After the Multiple Cracking of the Matrix.
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"Ydb — 2 omu Vm gf/ Tf

(25)

(iii) When the matrix slides along the fibers, the displacement of the fibers
is different from the matrix. The work done is equal to the frictional force, r s,
times the difference between the displacements. This is defined to be the energy
U s per unit area of the crack surface.
(iv) The elastic strain energy of the matrix decreases over the length 2L due
to the decrease in the strain of the matrix. This reduction in strain energy of the
matrix is defined to be

AUm .

(v) The elastic strain energy of the fibers increases due to the transmitted
load from the matrix. This increase in strain energy of the fibers per unit area of
the crack surface is defined as AUf.
(vi) The fracture surface energy,

2^m

Vm, is absorbed due to the formation

of the new fracture surface of the matrix.
Thus the criterion for the matrix crack is defined to be [14]2

27m vm + ^db + us + AUf ^ aW + AUm

(26)

Using the assumptions of the ACK theory, each term is evaluated as follows
[14]

E f Em vm
AW

3 Ti
E f Em vm

AUm
3 Ti

AUf

E f E~
m V™
vm

„

3

€mu ar

3

6mu ar

3

6mu ar(l +a/3)

2

*L
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Ef Em vm_Ts

3
£mu a r ( 1 + a / 3 )

AUS = -------------------

6 T i2

2 a mu vm 9 i

(27)

7 db =

For a ceramic matrix composite in which there is no chemical bonding, gj =
0 and

ts

can be considered to be equal to the interfacial strength of the

composite, t [ [14]. Introducing these conditions, Equation 26 becomes [14]

Ec Ef € mu a r

2 7m Vm <

----------------

(28)

6 Ti
Examination of Equation 28 by ACK shows that there is a dependency
difference between the left side and right side of the inequality equation. The left
side is independent of the radius of the fiber but the right side depends on the
radius of the fiber [14].
From the above argument and experimental observations [20], it has been
postulated that the strain to failure of the matrix, e mu, has a dependency on the
radius of the fiber.

£mu “

f 12
I'm Ef V f2 l ‘/3
^
”
y
l
Ec V
r vm
j

(2 9 )

Rewriting the above equation,
f

12 Ti T'l

6mu “

1/ 3
y

1(1 + f E f v > f E f v Ef 2^ J
w h ere

f v = Vm/V f

a n d f E = Em/ E f

(30)
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C. PROCESS ZONE APPROACH
Process zone approaches are used by Evans and his colleagues [19] to
understand the increase in failure strength of the matrix due to the bridging fibers
in the wake of the cracks in ceramic matrix composites and to provide a criterion
for multiple cracking of the matrix. In the process zone approach, the basic
assumption is that microscopic phenomena in the material govern the overall
macroscopic behavior. In this modelling each microscopic phenomenon is
decoupled from the others with an appropriate assumption, studied analytically or
semi-analytically, and compared with experimental results.
It is well known that a certain number of cracks of various lengths preexist
in ceramic materials. When the fibers are introduced into a ceramic matrix, the
cracks can be bridged by the fibers (Fig. 8). For this particular approach, the
following processes are assumed; the unbridged crack opens by applied stress, a a,
and then closing pressure, P, is applied to the crack surface in order to rejoin the
broken fibers resulting in a decrease of the crack opening displacement, u (Fig.
9).
The energy relationship for matrix cracking is [15]

pU
c

Tmc vm
2

*

P(u) du

a c uc

(31)

J0

where uc is the asymptotic crack opening displacement corresponding to a a =

a c,

which is equivalent to the crack opening displacement when the matrix crack runs
across the matrix normal to the fiber. Thus, a c is the composite stress when the
matrix fails, i. e.,

ac

= o mu Vm + o f Vf (see Equation 18). The quantity, gmc, is

the critical strain energy release rate, i.e., gmc =

2ym.

The right side of the inequality Equation 31 is the difference between the
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unbridged crack

Fig. 9.

Closing of the Crack by Bridging Fibers

bridged crack
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total work done by the system and the work done by the pressure P against the
crack, and the left side of Equation 31 is the crack resistance of the matrix. The
integral term can be considered as an energy absorbed by the bridging fibers and
the bridged matrix in the wake of the crack. The pressure, P, is dependent on the
debonding strength of the interface and a frictional stress at the interface. These
two factors control the relative movement of the matrix and the fibers in the wake
of the crack. If each or the sum of these two stresses can provide no net
displacement between the fibers and the matrix in this region and the stress of the
composite reaches the load carrying capacity of the fibers, Vf a fu, before the
crack opening displacement achieves its critical value for the strengthened matrix
by the bridging fibers, then catastrophic failure of the composite will occur. If the
fibers are debonded and frictional stress is small enough, the matrix can slide
along the fibers far from the crack surface resulting in an increase of the crack
opening displacement to its critical value without breaking the bridging fibers and
the fibers in front of the crack tip.
From an independent study by He and Hutchinson [21], the debonding will
occur in preference to the fiber failure when

9ic
---

£

9 fc

1
---

(32)

4

where gjc and gfc are the critical strain energy release rates for the interface and
the fiber, respectively.
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IV. FIBER PULLOUT
The last step of the composite failure is pullout of the fibers from the matrix
block. If each fiber has the same failure strength, and homogeneity exists along
the fibers, every fiber will break between the matrix blocks, since the stress in this
region is the highest, resulting in no fiber pullout. But in a real situation, the
location of the weakest point varies with the fibers. Thus it is expected that a
certain number of the fibers break inside the matrix block. This number of fibers
will increase with broadening of the failure probability density function of the
fiber set [22]. In order to enhance the pullout effect, a set of fibers with the
failure probability density function illustrated as curve A in Fig. 10 (solid line) is
preferred to a set represented by curve B (broken line). Curve A will normally
have a lower Weibull modulus than the modulus for curve B.
The major toughening mechanism of the composite after the failure of the
fiber is fiber pullout. The amount of energy absorbed from the pullout and
related load retention after the fiber failure are dependent on the frictional stress
between the fiber and the matrix, as well as on the pullout length of the fibers.
Let Lp be a average pullout length of the fibers depicted in Fig. 11.
The maximum pullout length can be found using the force balance between
the shear load of the fibers and its fracture strength

0 fu r
•kp, max

^

(33)
2rs

If the original pullout length of the fiber is greater than this Lp? max, there will be
a second fiber failure.
The energy absorbed from the pullout, 7p, is given by Equation 16 and the
load retention after the fiber failure, Pr, from the load balance equation, is

Fig. 10.

Failure Probability Density Function of the Fibers.
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fixed

Fig. 11.

fixed

Pullout Length of the Fibers, (the numbers in the figures are the amount of the
movements.)
(a) composite with a fiber set with a wide strength variation.
(b) composite with a fiber set with a narrow strength variation.

31

2 To V

f

Lp

(34)

If a characteristic distance of the matrix block can be a measure of Lp, then

Lp = t

L

(35)

where t is the ratio of the pullout length to a characteristic distance of the matrix
block. A value of t is likely to be less than unity for the case of Fig. lib , but some
of the fibers can have t values higher than unity (Fig. 11a). The value of t is
dependent on the strength variation of the fiber set used.
If the pullout length of the fibers for a composite is limited by a
characteristic distance of the matrix block, the relationship of the pullout length
to a characteristic distance in Equation 35 may be valid with t less than 0.5.
Equation 16 may be expressed using Equations 21 and 35

t 2 T,

Vin2

4

V,

yn =

a mu

r

(36)

The above equation is likely to be valid for the case of Fig. lib . 7p will
have its maximum value at Vcrjt and decrease with increasing Vf, since it is
dependent on Lp2 (Equation 16). However, the strain energy of the fibers
a fu2Vf/2Ef increases with increasing fiber volume fraction. Thus there will be a
optimum volume fraction of the fiber for maximum toughness of the composites.
7p also increases with increasing fiber radius for this case. The same argument is
also applicable for the ratio of the load retention after the fiber failure to the
failure load of the fibers in the composite.
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pr
---pcu

=

Ts
vxn
axuu
t ---------------Ti
vf
°fu

(37)

where Pcu is a maximum load carrying capacity of the composite, i.e., Pcu *
a fuVf. Thus the ratio of load retention by the broken fibers is dependent on the
ratio of the frictional stress to the interfacial strength and the load carrying
capacity of the matrix to that of the fibers. Equations 36 and 37 may be valid for a
composite with a fiber set of very narrow strength variation.
W hether there is a relationship between a pullout length of the fiber and a
characteristic distance of the matrix block, the value of the frictional stress is
important. Both 7p and Pr will increase with increasing frictional stress between
the fibers and the matrix (Equations 16 and 34). High frictional stress yields high
7p and Pr. However, if it is too high, the transition of the failure mechanism from
non-catastrophic to catastrophic failure will follow as mentioned in section III. C.
Experimental Measurement of Frictional stress during Fiber Pullout
Various experimental m ethods have been developed to measure the
frictional stress along with a debonding strength of a single fiber. Among these,
single fiber pushout testing by an indenter (sometimes by a nano-indentor) [23],
and single fiber pullout testing [24] are mostly used. For fibers with a very small
diameter, such as Nicalon(SiC, 12^ diameter) and Tyranno(SiC, 12/z diameter),
single fiber pushout tests are more useful. For fibers with large diameter, such as
AVCO SCS-6(SiC, 142q diameter) and Saphikon(Al2 0 3 , 142q diameter), both
methods can be used. A very important difference between these two tests is the
manner of application of the load to the fiber. In pullout testing a tensile load is
applied to the fiber as if in an actual situation for composites, while in pushout
testing a compressive test is applied (Fig. 12). A drawback of the single fiber
pullout test is that it is practically impossible to make a test specimen using the
fibers with very small diameters such as Nicalon and Tyranno.
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fiber
matrix

Single Fiber Pushout Test
Fig. 12.

Single Fiber Pushout Test and Pullout Test.
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V. INTERFACIAL PROPERTIES OF CERAMIC MATRIX COMPOSITES
Important relationships and properties of the composites are summarized in
Table II and their graphical meanings are illustrated in Fig. 13, in order to discuss
the appropriate range of interfacial strengths of tough ceramic matrix composites.
The first priority for design of tough composites is to provide a weak interface
between the fiber and the matrix. It is postulated that the critical strain energy
release rate of the interface must be less than 4 times of that of the fiber in order
to have debonded fibers at the matrix crack region [15,21]. The values for the
various fibers were calculated in Table III, assuming the fibers and monolithics
have the same fracture toughness, Kj q and using the relationship

KIC =

(E7 ) 1

and
gc = 27
According to the calculations, the proper range of the critical strain energy
release rate of the interface is less than 42 J/m 2 for the interface with SiC fibers
and 36 J/m2 for the interface with the alumina fiber.
Interfacial strength is related to the debonding strength and frictional stress
after debonding. For the bonded system, the debonding strength will be
considered as an interfacial strength if this is larger than the maximum frictional
stress, and vice versa. For the system without any bonding, the maximum
frictional stress will be considered as the interfacial strength.
The residual stress due to the mismatch of thermal expansion coefficients
between the fiber and the matrix will affect the debonding strength and the
frictional stress [26]. For a well bonded system, a larger coefficient of the fiber
will produce interfacial tension in the radial direction and axial compressive stress
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DISPLACEMENT

Fig. 13.

Schematic Illustration of Mechanical Properties of Composites.
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Table II. Mechanical Properties of Composites
Properties

Equations

Debonding Condition

S ic <

9 fc

°mu
v crit

afu + °mu
strength
of
matrix

°mu

stress of composite
at the first
oc
matrix cracking
Pr

ultimate strength
of composite
°u

a

f 12 Ti 7m Em Ec2 V f2 l l/3
---------------------------------- y
l
Em2 r Vm
J

i

Lp

------------—
r
k l °fu v f
7s V f Lp2

Pullout energy

f
'

f 12
ym Em Ef v f 2 l l / 3
i ---------------------------------- j.
l
Ec r Vm
J

2 r s Vf

load retention,

~
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0

Fracture Toughness of Monolithic Materials,
Strength of the Fiber and Other Calculated
Properties.
E

MPam 1 / 2

GPa

W
H

Table III.

monolithic 2 5
4.0
alumina
Sic
4. 0
LASa
2.0
0.75
Pyrex

d

Calculated values
C
°u
'-cb
SlcC
GPa

J/m 2

380
207-483
85
70

84
66-154
94
16

fiber (SiC)*
Tyranno
Nicalon

190
190

8-10
10-20

2.5-3.2

0.5
0.4-0.7

168
168

fiber (oxide) *
Nextel 440

220

10-12

1

.4-2.1

0 .9-2.0

144

KIc
d
Cc

;fracture toughness
;diameter
;critical crack length

E
au
glc

2.8

; Young's modulus
; fracture strengh
; critical strain
release rate

a: Lithium alumina silicate glass ceramics
b: C = (Kig/Yac )2 , Y = 1.12(*)*
c: 7 = K i c v e
and gc = 2 7
*: from manufacturer's information
In b and c, the fracture toughness of the fiber is
considered same as that of the monolithic.
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in the matrix. For a high toughness ceramic matrix composite, a residual tensile
stress of the interface in the radial direction is preferred [26]. This will provide a
relatively small debonding strength and frictional stress after debonding. If the
thermal stress in the radial direction is higher than the debonding strength of
interface, the fibers will be debonded after cooling from the fabrication
temperature resulting in a relaxation of residual compressive stress in the matrix
in the axial direction. If there is no bonding, a similar situation as with the
debonded case will be attained. In the opposite case, there will be an interfacial
compressive stress in the radial direction and a residual tensile stress in the matrix
in the axial direction for a well bonded system. This stress state may result in
matrix cracking after fabrication. If there is no bonding, the residual tensile stress
in the axial direction will be reduced by a sliding process along the fibers.
In order to calculate the critical volume fraction of the fiber, Vcrit, it is
necessary to consider the changes of the failure strength of the matrix and fiber
due to the bridging effect of the fiber at the matrix crack as well as the thermal
effect. The equation for the failure strength of the matrix, o mu, in Table II,
includes the effect of bridging fibers,

ac

is the stress on the composite at matrix

cracking. The upper bound of debonding strength or frictional stress can be
calculated from Equation 18 by assuming a ’f = afu, and considering the increase
in the matrix strength by the bridging fibers (a mu and a c from Table II) [16].

Ti <

* vm V

Ec

°fu3
(38)

12 7m E f V f (Ec 3 - Em 3vm 3)

The calculated upper bound of r{ is 66 MPa for a SiC fiber and glass ceramics
matrix system shown in the first column in Table IV.
It is known that the ultimate tensile strength of composites is generally less
than c7fuVf which is predicted by the theories for such composites. The various
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Table IV. Properties of Tough Ceramic Matrix Composites
SiC
Glass Ceramics

Properties

Carbon
Glass

fracture toughness
of matrix, MPajm

2.0

Young's modulus
of fiber, GPa

206

Young's modulus
of matrix, GPa

85

70

volume fraction of fiber

0.5

0.4

diameter of fiber,

12

(jm

frictional stress, MPa

SiC
MAS

0.75

2

composite stress
at the first
matrix crack , MPa

270-300

ultimate tensile
strength
of composite , MPa

500(700b )

fracture surface energy
of composite,
J/m 2

390

193
83
0.4

8

12

20

7

340-430

30 0 (550b )

680b

5 6 8 (930b )

3000

fracture toughness of
composites, MPajm

17

characteristic distance
of matrix block,
;um

400

pullout lenght of
fiber,
/urn

>3000

Poisson's ratio
of composite

0.25

strength of matrix, MPa

180

100

172

strength of fiber , GPa

2

2

2

kic

0.5

reference
b; data from three point bending tests.

9, 27
c;

90

300

20-44
0.25

0

.9b
5

1

.06b
28

= ou/Vj-Ofu, where a u is the ultimate tensile

strength of composites, a fu is the strength of fiber and Vf is the volume fraction of fiber
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values for ultimate tensile strengths of the composite,

ctu,

and ofuVf are

summarized in Table IV. The value of k 1? which is the ratio of o u to 0fuVf,
ranges between 0.5 to 0.7 in tension testing and 0.6 to 1.1 in bending testing. The
possible reason for the discrepancy between the experimental results and the
theoretical expectations may be the reduction of the fiber strength due to the
degradation of the fiber at a fabrication temperature, to residual tensile stress in
the fiber, or to damage due to handling before and during the fabrication.
The strain to failure of the composites can be defined as a total elongation
divided by the gage length of the composites. The strain to failure of the
composites has a gage length dependence since the pullout length of the fiber will
be the same for any size of test specimen. Thus, the strain to failure of
the composite, e cu, will be

€ cu —

€ fu +

kp

(39)

Lg

where Lg is a gage length of the specimen and Lp is an average pullout length of
the fibers.
It is not known whether the average pullout length of the fiber, Lp, has a
relationship with the characteristic distance of the matrix block, L. However, it is
recognized that Lp will generally increase with increasing variation of the strength
of the fiber set [22]. If Lp is determ ined only by the shape of the failure
probability density function of the fiber set used, the frictional stress can be
increased up to the upper bound in order to increase the load retention, Pr, and
pullout energy. But if Lp is limited by a characteristic distance, L, of the matrix
block, the high frictional stress will decrease L, resulting in less pullout energy.
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VI. LOAD-DISPLACEMENT BEHAVIORS OF POROUS MATRIX
COMPOSITES

A. THEORETICAL CONSIDERATIONS
It is known that a composite with chemical similarity of each constituent can
not provide toughness unless there is a protective coating of the fibers to prohibit
the constituents from bonding together. In other words, a system comprised of
oxide fibers and an oxide matrix can be used if the debonding strength is reduced
to a desired level by introducing a weak zone at or near to the interface.
Debonding strength will decrease with a decreasing amount of the contact
area between the fibers and matrix [19]. The contact area at the interface will be
reduced when porosity is introduced to the entire matrix or only near to the
fibers. Schematics for both cases are presented in Fig. 14. For the system with a
configuration similar to Fig. 14a, the elastic properties and the strength of the
matrix will decrease with increasing porosity. But, for the other case (Fig. 14b),
only the interfacial properties will change with varying porosity of the interface.
The possible fracture behaviors at the bridged crack for these two cases can
be distinguished by changing the weakest zone in the system as illustrated in Fig.
15. For the study of these cases, it is assumed that the strength and the fracture
energy of the fibers are larger than those of the matrix or the interface.
When the porous interface is bonded to the fibers, either the matrix strength
or the interfacial strength may be the weaker. When the interfacial strength is
smaller than the matrix strength, the debonding of the fiber at the interface may
be expected (Fig. 15a). The energy criterion for fiber debonding might be
9ic <' * 9ffc

(32)

according to the suggestion by H e and Huchinson [21]. When the interfacial
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Fig. 14.

* X

(------- > X

(a)

(b)

Possible Microstructures of Porous Matrix Ceramic Composites.
(a) even distribution of pores in entire matrix.
(b) localized pores near the fiber.

• 15.

Possible Fracture Behaviors at the Bridged Crack and Expected Load-Displacement
Behavior.
(a) debonding at the interface (glc < gmc, and g lc < 1/4 gfc)
(b) probable load-displacement behavior of (a)
(c) debonding near the interface (gmc < g lc, and grac < 1/4 g fc)
(d) probable load-displacement behavior of (c)
(e) no debonding, the fiber failure at the crack wake (glc and gmc > 1/4 gfc)
(f) probable load-displacement behavior of (e).
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strength is larger than the matrix strength, the fiber and bonded interface can be
considered as a newly formed reinforcement. Deflected matrix cracks from an
existing bridging crack can be developed near the interface along the fiber
direction (Fig. 15b). The possible energy criterion will be
< i 9'fc

(40)

where g’fc is the critical strain energy release rate for the newly formed
reinforcement due to the high bond strength of the interface. The rule of mixture
may be applied to evaluate g’fc,
g'fc = v 9fc + (l - V) g ic

(41)

where V is the volume fraction of the fiber in the newly formed reinforcement.
Generally the volume fraction of the interface, 1 - V, will be very small compared
with the volume fraction of the fiber, V. Thus
g'fc * 9fc

(42)

And the criterion of the above case for debonding near the interface becomes

gmc < i gfc

(43)

When either criteria of the above cases is fulfilled, the composite may fail
non-catastrophically (Fig. 15d and 15e). Otherwise catastrophic failure will occur
(Fig. 15c and 15f).
There are many analytical and semi-analytical analyses relating to effects of
porosity on mechanical properties of materials [29-31], Among these, the
following relationship, which was originally developed by Knudsen [29], is widely
accepted.
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A = A 0 exp(-bp)

(44)

where A = property of a material with porosity, p, such as Young’s
modulus, tensile strength, fracture energy, Poisson’s ratio, etc.
A0 = property of a material without porosity
b

= constant

There is a disagreement whether the constant b is same for all materials for
the respective properties. According to the original derivation of Equation 44
[29], the exponential term has the meaning of a ratio of load-bearing area to total
cross sectional area of the specimen. Thus, it can be considered as area fraction
of the solid in a porous body. As a consequence, the value of b will change with
the shape of pores, and their location. Following an extensive review of theories
and experimental data by Rice [32], it is suggested that the values of b for the
elastic modulus, tensile strength, fracture toughness, and fracture energy are the
same for a given material. Suggested values of b are summarized in Table V.
Upper and lower bounds of the properties according to this table are depicted in
Fig. 16.
The failure mode of a dense composite with well bonded interfaces may
transfer from a catastrophic to a non-catastrophic manner by increasing porosity
in the matrix in consideration of the relationship betw een porosity and
mechanical properties and debonding criteria developed for porous matrix
composites. The amount of the porosity for this failure mode transition will be
dependent on the value of gmc/gfc or gjc/gfc for the dense matrix. If the same
material is used for a fiber and matrix combination, the transition may be
expected when the porosity is in the range of 23 % - 69 %, using the upper bound
and lower bound in Fig. 16. If gmc or gjc is smaller than gfc, a smaller value of
porosity will be required for the transition.
The critical volume fraction of the fiber for multiple cracking of the matrix,

POROSITY

Fig. 16.

Exponential Dependence of Properties on Porosity.
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Table V. The Values of b for Various Mechanical Properties
of Monolithic Ceramics
A = A 0 e x p (- bp)
Properties, A

b

Young's Modulus

4 ± 2

Shear

4 ± 2

Modulus

4 ± 2

Fracture Toughness

4 ± 2
l+
NJ

Tensile Strength

Fracture Surface Energy
Poissons' Ratio
Reference

1.2

± 1.2
32
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Vcrit in Equation 19, will decrease with increasing porosity of the matrix due to
the reduction of the strength and the Young’s modulus of the matrix as shown in
Fig. 6.
The ultimate strength of a composite is not expected to change with porosity
of the matrix or of the interface, but in a well bonded system, the mechanical
properties of the fibers will be affected by the reactions at the interface. If the
reaction products are well developed and the interface consists of grain
boundaries and pores, the fiber strength may be reduced.
The frictional stress after fiber failure in porous matrix composites is likely
to be higher than that for the unbonded interface since the surface of the
interface will be generally rougher in the porous matrix composite with bonded
interface. The maximum frictional stress may be limited by the shear strength of
the porous matrix.

B. EXPERIMENTAL
The purpose of these experiments was to study porosity effects on the
toughness of ceramic matrix composites. Chemically similar fibers and matrix
were chosen, in order to optimize porosity effects on the mechanical behavior. It
is known that a dense matrix composite with this combination is prone to fail in a
catastrophic manner because of the bonding between the fibers and matrix [8,33].
Porous oxide/oxide composites were fabricated by using epoxy as a
transient plasticizer and fugitive material. Mechanical behavior was characterized
by data obtained from three point bending and tensile tests. The resultant
fracture behavior of the porous matrix composites was analyzed in terms of
microstructural characteristics related to experimentally measured values of
mechanical properties.
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1. Starting Materials.
Fibers
Nextel 440, a continuous alumino-silicate commercial fiber product was
used in these experiments because of a higher refractoriness compared with
commercially available silicon carbide type fibers, and lower brittleness compared
with a second available oxide fiber, Fiber FP. The specifications of Nextel 440
fibers are summarized in Table VI.
Matrix
A criterion for choosing the matrix system was whether the fiber selected
could bond to the matrix. A 1:1 mixture of kaolinite and talc showed good
bonding at temperatures below the fiber degradation temperature. The average
grain sizes of these powders were 0.7 n m for kaolinite and 2.0

nm

for talc. The

chemical compositions of the matrix as well as of kaolinite and talc are
summarized in Table VII.

2. Experimental Procedures.
Fabrication of the Composites
The epoxy used in these experiments had two functional purposes. One was
to provide the high porosity in the matrix and the other was to promote easier
fabrication. The fabrication procedure for the porous composites consisted of
two steps; the first step was derived from the fabrication process for polymer
matrix composites and the second step was based on the conventional sintering
process for ceramics. The schematic diagram of these procedure steps is
illustrated in Fig. 17.
Unidirectional layers of the prepregs were made by the filament winding of
Nextel 440 ceramic fibers passed through epoxy slurry filled with the powder
mixture. The epoxy (GY 506, Ciba-Geigy) used in these experiments to make a
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Slurry
Preparation

Filament

epoxy
hardener
diluent
1:1 kaolinite and talc
Nextel 440 fibers
epoxy slurry

Winding
prepreg fabrication
Laminating

10 x 12.5 cm prepregs
uncured lamina stored
below 0 degree C
avoid premature cure

Curing

100 C and 100 psi
using hot plates
between uniaxial press

Fig. 17.

Machining

using lathe
with diamond blade
and diamond grinder
for tensile specmens

Firing

1100 C or 1200 C
4 hours
in air atmosphere
pressureless sintering

Fabrication Processes of Porous Ceramic Matrix
Composites.

Table VI. Specifications of Alumino-silicate Fiber

Composition (wt%)
AI2O3
SiOz
B2O3
diameter (pm)

70
28
2
10 - 12

filaments/tow

1000

density (g/cm3 )

3.10

thermal expansion coefficient
(10“6/°C, 25-1000 0C)

4.38

elastic modulus (GPa)

200 - 240

ultimate tensile strength (GPa)

1.4 - 2.1

strain to failure (%)

0.6 - 1.1

degradation temperature (°C)
brand name
Manufacturer

>1350
Nextel 440
3M
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Table VII. Compositions of the Matrix and the Starting
Materials for Porous Matrix composites

matrix

kaolinite

talc

A12 03

22.31

44.61

Si02

59.81

52.66

66.95

MgO

13.15

0.29

26.00

CaO

3.56

0.06

7.05

Ti02

0.84

1.67

Fe2 O 3

0.18

0.35

Na20

0.16

0.31

K2 O

0.03

0.05
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preform was a commercial product specially designed for prepregs of polymer
matrix composites. The viscosity of the epoxy was adjusted by the manufacturer
for this purpose. When the matrix powders are added, the viscosity of the epoxy
slurry necessarily increased, and about 7 % by weight of diluent (RD1,
Ciba-Geigy) had to be added. This was the maximum amount of diluent which
could be added without losing curing capability of the epoxy according to the
manufacturer’s recommendation. The powder loading in the epoxy was adjusted
to 27.5% by weight according to results from preliminary experiments. The
prepregs were cut into 10 x 12.5 cm (W x L) specimens, then stacked and cured
between hot plates at the curing temperature of the epoxy. The curing schedule
of these prepregs is presented in Fig. 18. The cured preforms were cut and
machined to the shape of test specimens. Volatization of the epoxy and sintering
of the shaped specimens followed to produce the ceramic matrix composites. A
diagram of the firing schedule is illustrated in Fig. 19.
Volume Fraction of Constituents
The volume fraction of the fibers and the matrix after sintering were
determined from the microstructures of cross sectional areas perpendicular to the
fiber direction. Due to the high porosity of the composites, fired specimens were
impregnated with epoxy (Epo-kwick resin and hardener, Buehler Co.) to
minimize damage from cutting. Sectioned specimens were mounted for easy
handling. Specimens were ground and polished, and volume fractions of fiber
w ere determ ined by m easuring the area occupied by fibers in the
photomicrographs.
Porosity and Density of Composites
Porosities of composites were measured by the water displacement method
following the procedures described in ASTM C20-87. Dry weight (D), saturated
weight (W), and suspended weight (S) of fired specimens were measured using a
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chemical balance (Sartorius-werke GMBH, type 2404). The apparent porosity
and bulk density of specimens were calculated using the following equations.

apparent porosity

=

W - D
-------W - S

x 100

(45)

and
D
bulk density = -------W - S

(46)

Mechanical Tests
Tensile tests of porous matrix composites were carried out using a universal
testing machine (Instron, model 4204). Grips used for the tests were the serrated
frictional clamp type. Both ends of the specimens were reinforced by epoxy for
gripping. Cross head speed was 0.05 mm/min. Load - displacement behaviors
were recorded. Tensile specimens were 10 cm in length and had a reduced cross
section. Details of the specimen dimensions are illustrated in Fig. 20. The strain
from tensile tests was calculated using data from load-displacement curves using
following equation.
displacement
strain = ---------------------------------------- (47)
initial gage length of the specimen

Work of fracture was calculated from measurements of the area under the
load-displacement curves from tensile tests or bending tests divided by the
crosssectional area of the specimens. The calculated values of work of fracture
were used for qualitative comparisons between specimens, since the geometries
of specimens were different to those of conventional work of fracture specimens.
Three point bending tests were performed using the same instruments and
crosshead speed as for the tensile tests.
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Unit : ran
thickness : 1.0 - 1.5 ran
epoxy tab

Fig. 20.

Configuration of Tensile Specimens.
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Microstructures
Microstructures of specimens were examined using a Scanning Electron
Microscope ( Jeol, Model JSM - 35 CF).

3. Results and Discussion.
Microstructures of the composites
As mentioned earlier, it was difficult to attain a homogeneous distribution
of slurry between each fiber, and it was found that the distribution of the matrix
changed with location. The fabricated composites showed three different
regions; matrix rich regions - usually between layers or tows, fiber rich regions not fully wetted tows, and evenly distributed regions. Fig. 21 shows surfaces of a
fired specimen which include each of the above described matrix distributions.
The retardation of sintering caused by rigid inclusions is a common problem
in pressureless sintering [34]. This effect of an inclusion in combination with the
effect of a fugitive material was noted from difference of porosities between the
composites and monolithics. The apparent porosity measured by the water
displacement method was 59.8 ± 4.3 % for the composites fired at 1100° C and
54.4 ± 3.4

%

for the composites fired at 1200° C. The apparent porosity of pellets

fabricated only with the matrix powders were 45.7

±

1.2 and 22.3 ± 0.9 % for the

specimens fired at 1100° C and 1200° C, respectively. The bulk density of the
composites was 1.09±0.07 and 1.18±0.09 g/cm^ for the specimens fired at 1100° C
and 1200° C, respectively.
Figs. 22 - 24 are photomicrographs taken from the regions with a relatively
even distribution of the constituents. Fig. 25 is a photomicrograph taken from a
fiber rich region. In Figs. 22 - 24, "a" was designated for the microstructures of
specimens fired at 1100° C for 4 hours, and "b" is for the specimens fired at
1200° C for 4 hours.

Fig. 21.

Fractography of Porous Matrix Composites,
(bar = 100 /j )
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Fig. 22.

Microstructures of Composites in Transverse Direction,
(a) 1100 C, and (b) 1200 C.
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(b)
Fig. 23.

Microstructures of Composites in Longitudinal Direction,
(a) 1100 C, an d (b) 1200 C.
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Fig. 24.

Microstructures of Interfaces, (a) 1100 C, and (b) 1200 C.
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Fig. 25.

Reactions between Fibers and Matrix (1200 C ) .
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contacted fibers (Fig. 23b, arrow). The formation of the latter type of crack was
»*

due mainly to insufficient distribution of the matrix.
The bonding of fibers and matrix at 1200° C was confirmed through the
appearance of the rough surface of the fibers as seen in the photos in Fig. 23b and
24b, which were taken from outside surface of as fired specimen, and also in
microstructures of fiber rich regions inside a specimen as in Fig. 25. Fig. 25 also
shows three other important features of the composites fired at 1200° C; the first
was the existence of a liquid phase, the second was damaged fiber due to
reactions between fiber and matrix, and the last was the formation of a very large
crack in the regions containing no matrix.
Three Point Bending Tests of the Composites
Three point bending tests of both types of specimens showed typical
behaviors of tough ceramic matrix composites. MOR strength of the specimens
fired at 1200° C showed slightly higher values ( 30.7

±

1.8 MPa for 1200° C, 25.6 ±

0.4 MPa for 1100° C). Representative stress - deflection behavior is shown in Fig.
26. Clear evidence of multiple matrix cracking before fiber failure was not found
for either set of specimens. However, the specimens fired at 1100° C displayed a
deviation from linear behavior before reaching the maximum load. This behavior
was not apparent for the other set of specimens. Beyond the maximum load, the
load carrying capacity of the specimens fired at 1100° C decreased gradually,
while that of the specimens fired at 1200° C dropped abruptly.
Fracture surfaces in Fig. 27 are views from the top of the tensile surface of
three point bending specimens. Both specimens retained their integrity after the
tests. Fracture surfaces were prepared by pulling partially broken halves apart.
Fracture modes were different between the sets of specimens. The tensile
surface of the specimen fired at 1100° C showed an extensive amount of fiber
pullout. The pullout lengths of fibers could not be measured precisely, but from
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Mechanical Behavior of Specimens in Bending Tests
(a) 1100 C, and (b) 1200 C.
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Fig. 27

Fracture Surfaces of the Composites from Bending Tests
( a) 1100 C, and (b) 1200 C.
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the fractograph they were larger than 0.5 mm. Well separated fibers were pulled
out from the compressive surface of the specimen, and most of them were longer
than 4 mm (Fig. 27a). Several fiber groups instead of separated individual fibers
were pulled out from a composite fired at 1200° C (Fig. 27b). The term "fiber
group" is used as an expression for a fractured part of agglomerated fibers in
which fibers are not clearly separated and partially bonded by matrix. This "fiber
group" is considered as a region of relatively dense distribution of fibers, probably
a tow or tows of fibers surrounded by matrix rich regions. The tensile surface
contained shorter fiber groups than the compressive surface (about 2 mm for
compressive surface).
It was found that the weakest zone varied from the interface between the
fiber and matrix, to somewhere in the matrix because of the enhanced interfacial
bonding due to increased firing temperatures. The' change of the location of the
weakest zone was observed as a transition of fracture mode from individual fiber
pullout to fiber group pullout with increasing firing temperature. This transition
of fracture mode was reflected in the shape of the stress - strain curves especially
in the pullout region. The ratio of load retention was reduced by decreasing load
bearing surface area when fiber groups were pulled out.
Tensile Tests of Composites
Composites fired at 1100° C and 1200° C failed non-catastrophically during
tensile tests. The average tensile strengths of the composites were 12.7 ± 3.4 MPa
and 12.5 ± 3.1 MPa for the specimens fired at 1100° C and 1200° C, respectively.
Load - displacement behaviors of both composites are shown in Fig. 28.
Specimens did not lose integrity after the load dropped substantially. Untested
and tested specimens are respectively shown at the top and bottom of Figure 29.
By comparison of specimen surfaces before and after the test, it was found that a
number of small matrix cracks (0.6 mm long, specimen width 5.4 mm) were

Load (N)
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Fig. 28.

Mechanical Behavior of Specimens in Tensile Tests,
(a) 1100 C, and (b) 1200 C.

Fig. 29.

Tensile Specimens.
top; specimen before the test
bottom; specimen after the test.
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developed on the surface after the test (Fig. 30). Fracture surfaces of tensile
specimens showed a feature of woody fracture regardless of firing temperature
(Fig. 31). The transition of fracture mode observed in bending tests was not
noted in tensile tests. Through comparison of fracture surfaces from tensile and
bending tests (Fig. 31 and 27), it was observed that the number of pulled out fiber
groups increased and the width of each group fibers was reduced for the
specimens broken by tensile testing. Separated individual fibers were pulled out
at the tip of each fiber group. The differences in fracture surfaces from bending
and tensile tests were probably due to the changes in stress distribution between
the two testing modes. Stress in three point bending specimens changes along the
specimen length and thickness, while stress in tensile specimens is uniform
through out the gage length. In addition to this, the matrix region in a fiber group
may suffer higher frictional resistance from adjacent fiber groups in bending tests
compared to tensile tests. This increased frictional load due to the bending of the
specimen may cause the extensive fiber pullout in the specimens fired at 1100° C,
which was not observed in tensile testing. Although resultant fracture mode
change is not the same with the porous matrix composites from present studies,
the effect of testing mode on the fracture behavior of composites was also
observed in dense SiC/glass-ceramics composites [9]. In four point bending tests
of the latter composites, failure occurred either in compression or in shear but
never in tension. For the porous matrix fired at 1100° C the debonding strength
and the frictional stress between fiber and matrix may be lower than the frictional
stress between fiber groups when tested in bending, resulting in pullout of
separated fibers. For the specimens fired at 1200° C the pullout of fibers may be
inhibited due to the increased interfacial bonding between fibers and matrix.
The effects of the testing modes on fracture behavior were also observed
from the differences in work of fracture of the composites tested in bending or
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Fig. 30

Surface Structures of Tensile Specimens,
(a) before the test and (b) after the test

3

Fig. 31.

Fracture Surface of Tensile Specimen (1100 C)

tension. The work of fracture values were 630*206 and 517*88 J/m 2 for the
specimens fired at 1100° C and 1200° C, respectively, when tested in tension,
while they were 193*7 and 64.7*0.7 J/m for the specimens fired at 1100° C and
1200° C, respectively, when tested in three point bending (Table VIII). It was
noted that there must be a difference in the amount of load transferred from the
testing machine to the fibers during the bending tests and the tensile tests due to
the difference in the methods of specimen preparation for these tests. Both ends
of each tensile specimen was reinforced by epoxy in order to avoid compressive
failure while gripping. These reinforced ends provide a direct load transfer of the
applied tensile load to the fibers. However there was no direct transfer of applied
bending load to fibers. The load must be transferred from matrix to the fibers
when tested in bending. The higher magnitude of work of fracture from tensile
tests compared to that from bending tests was probably due to the large
population of fiber groups with small widths, which resulted in complex woody
fracture surfaces when tested in tension as shown in Fig. 31. The magnitude of
the calculated work of fracture from tensile tests ranged from 17% to 21% of the
value for carbon fiber reinforced glass composites (3000 J/m 2) [5]. The pullout
length of the fiber groups of the porous matrix composites were larger than 2mm
as shown in Fig. 31, and the average pullout length of the fiber for the latter
reported by Phillips [5] was 20 - 44^ as listed in Table IV.
The strains at the deviation point from the elastic behavior (schematically
shown as point A in Fig. 32a) may be considered failure strain of the matrix.
These were 0.149*0.013% and 0.159*0.319% for the specimens fired at 1100°C
and 1200° C, respectively (Table VIII). The magnitudes of these values showed
the strain to failure of the matrix increased compared to conventional monolithic
ceramics.
Probable fracture processes in tensile testing, as deduced from the load
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Fig. 32.

Fracture Processes of Porous Matrix Composites.
(a) load-displacement behavior, (b) separation of homogeneous region from matrix
rich region, (c)matrix cracking and debondig, (d) failure of fibers, (e) pullout
of fibers, and (f) pullout of homogeneous regions (fiber groups).
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Table VIII. The Mechanical Properties of the Porous Matrix
Composites
Deviation
Load from
Elastic
Behavior
PD ,MPa

Strains
at
PD

Strains
at
auts

Work of
Fracture

aut s ' MPa

%

J/m2

8.4
16.1
11.9
12.1
3.1

0.165
0.133
0.150
0.149
0.013

8.8
17.0
12.2
12.7
3.4

0.196
0.181
0.173
0.183
0.010

573
905
412
630
206

10.3
6.7
16.7
11.2
4.1

0.173
0.133
0.173
0.159
0.019

11.2
9.5
16.7
12.5
3.1

0.205
0.217
0.273
0.198
0.019

534
401
615
517
88

%

Ultimate
Strength

Tensile
1100C
avg.
std.
1200C
avg.
std.
Bending
1100C
avg.
std.
1200C
avg.
std.

25.9
25.2
25.6
0.4
32.4
28.9
30.7
1.8

199
185
193
7
65.3
64.0
64.7
0.7
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displacement behavior of porous matrix composites and their fractographic
features, are illustrated in Fig. 32. The composites behave elastically up to point
A from point O in the load - displacement curve. Deviation from linearity occurs
at point A. Between point A and B two different types of matrix cracking occur;
one is a delamination type crack along the fiber direction in the matrix rich region
which relates to formation of fiber groups due to the change of volume fraction of
fiber in the three different regions - matrix rich, homogeneous, and fiber rich.
The other is matrix cracking and debonding in the homogeneous regions. The
fibers fail at point B; between point B and C, broken fibers and fiber groups
are being pulled out. After the completion of fiber pullout at point C, fiber
groups will be pulled out further since the pullout lengths of the fibers were much
less than those of the fiber groups.
Summary
Overall fracture behavior of the porous matrix composites in this study are
different from those of commercial types of tough ceramic matrix composites,
such as fiber reinforced cement [46], SiC fiber reinforced glass [6], and carbon
fiber reinforced glass [5]. The multiple matrix cracking and the enhanced matrix
strength are typical features of these composites. Failure strengths of matrices of
these composites are homogeneous through the composites by virtue of well
developed fabrication techniques. The porous matrix in this study displays locally
different fracture strengths due to the various size of pores and nonuniform
distribution of matrix and fibers. These locally varying matrix strengths cause the
matrix cracks to open in many different places when the load is applied to the
composites as shown in Fig. 30. These simultaneous or successive localized crack
openings produced a smooth trend in load-displacement curves between the
deviation load from linearity and the ultimate load, instead of an abrupt load drop
upon matrix cracking. From the existence of fiber groups it is deduced that matrix
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cracks between the matrix rich region and the fiber group also developed along
the fiber direction at this moment. This phenomenon resulted in complex woody
fracture surfaces.
The ultimate strengths of the porous matrix composites from bending and
tensile testing were much less than the expected values. The composites have 35.4
± 4.2 % volume fraction of fiber. The theoretical calculation of the expected
strength ranged from 490 - 735 MPa according to the failure strength of fibers
listed in Table VI and o c ~ Vft>fu. This kind of strength reduction was also
observed from partially densified continuous SiC fiber reinforced Si02 gel matrix
composites [36]; density of the composite was 1.98 g/cm^ and the bending
strength was 25 ± 4 MPa. The large discrepancy of ultimate strength between the
expected value and the measured values is probably due in part to the low shear
strength of the matrix and due partly to the change of load carrying capacity
between the regions with locally different volume fractions of fiber. Misalignment
of fibers and damage to fibers during the fabrication process were likely factors as
well. In addition to these, the higher thermal coefficient of the matrix compared
to that of the fibers produced interfacial compressive stresses in the radial
direction and residual tensile stress in the matrix along the axial direction for a
bonded system, especially specimens fired at 1200° C. These residual stresses
might be less significant in the specimens fired at 1100° C due to the lower degree
of bonding formed at this temperature. This adverse effect of the residual stress
might be reflected as a lower strength and a larger strain at the deviation point
from elastic behavior (11.2±4.1 MPa and 0.159±0.019%) for the specimens fired
at 1200° C compared to the specimens fired at 1100° C (12.1±3.1 MPa and
0.149±0.013%) when tested in tension (Table VIII).
In these experiments the expected porosity toughening from theoretical
considerations, i.e., toughening of ceramic matrix composites by porosity
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modified interfaces as schematically shown in Fig. 14, was not observed evidently
due to fabrication flaws but also to the adverse thermal expansion coefficient
mismatch between fibers and matrix. However the observation of pulled out
fibers at the tips of the fiber groups and the extensive population of long fibers
pulled out in bend testing may be considered as experimental evidence of the
possibility to utilize the porosity modified interfaces for oxide/oxide systems to
produce tough ceramic matrix composites. The occurrence of the complex woody
fracture surfaces from tensile tests may imply the possibility of the application of
a matrix system with porosity gradients in order to produce tough ceramic matrix
composites, provided the width of the fiber groups is reduced to a size of
fiber diameter.
The major disadvantage of utilizing tows of fine fibers such as Nextel 440 in
this study is that these tows are likely to cause insufficient distribution of fibers
and matrix; for example the amount of matrix coated outside a tow is likely to be
greater than that of the matrix infiltrated between the fibers located inside of
a tow. This disadvantage may be overcome by substituting tows with thick
monofilaments such as thick Saphikon alumina fibers (142u diameter). This type
of thick monofilament has less flexibility compared to tows of fine fibers, however
it can be utilized for filament winding techniques if the take-up mandrel has a
radius of 10 cm or larger. The applicability of porous mullite matrix reinforced by
thick alumina fibers were discussed [47] to improve the fatigue properties of
composites and the stability of interface at high temperatures. Carbon coating
and BN coating of various fibers has been studied for high tem perature
application of composites, but degradation of these achieved coatings have been
observed above 1000° C in oxidizing atmosphere [38]. Porous interfaces in
oxide/oxide systems are likely to remain stable until the onset of sintering at
temperatures well above the fabrication temperature of the composites.

80

VII. EFFECTS OF MODIFIED INTERFACES ON PULLOUT BEHAVIOR OF
SINGLE FIBERS OR RODS
The frictional stress of an interface plays an important role during the final
stage of failure of tough ceramic matrix composites. Most commercially available
fibers have smooth surfaces [37], and chemical modification of the fiber surface to
provide a small debonding strength is not likely to change the roughness of the
fiber surface due to the nature of the coating technology [38]. The pullout stage
of composites can be simulated by single fiber pullout testing or pushout testing in
order to study the effects of frictional stress of the system as well as debonding
strength of the interface. The frictional coefficient is closely related to the
morphology of the interface. It has been shown that the frictional coefficient of a
smooth interface is more or less constant during the entire pullout processes [39].
The interface was modified by introducing a damaged fiber or porous
region next to a rod with a small diameter. Pullout behavior was studied using
either single fiber pullout tests or single rod pullout tests.

A. STARTING MATERIALS
Starting materials used for single fiber or rod pullout tests are listed in
Table IX.

B, EXPERIMENTAL PROCEDURES

1. Modification of Interfaces. For single fiber pullout tests, a damaged
zone was introduced by oxidation of SiC fibers during sintering of specimens.
Modification of the interface for single rod pullout specimens was done through
use of two different types of coating materials, a zirconia coating and an
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Table IX. The Starting Materials and the Fabrication
Conditions for Single Fiber and Rod Pullout
Tests

matrix
diameter
of matrix, mm

System 1

System 2

cordierite

mullite

11.0

fiber

System 4

mullite

mullite

12.7

12.7

12.7

SiC (SCS-6)

rod
diameter of
fiber or rod, fj,m

870

2.5 - 5.5

7.8-8.0

soaking time, hr

1150

4

1200
1300
1400
2

zirconia
coating
1300
1400'
1450
2

1

"C

none

1

damaged zone
by oxydation
of fiber

0

870

CO

870

co
•
r-

142

0

alumina

CO

alumina

CO

modification
interface

alumina

r-'

embedded length
of fiber
or rod, mm

sintering
temperature,

System 3

alumino
silicate
coating
1300
1400
1450
2
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aluminosilicate coating. Coating was done by dipping the alumina rod into a
slurry of the coating material. Coatings were dried in the air, and a porous texture
was developed during the sintering of composite specimens.

2. Preparation of Specimens.

The green body of each specimen was

formed using a uniaxial press equipped with a specially designed mold (Fig. 33).
Sintering temperatures and soaking times used for each system are listed in Table
IX.
Epoxy tabs were applied for gripping after sintering. The geometries of
pullout specimens are the same for both single fiber pullout tests and single rod
pullout tests (Fig. 34) except for the diameters of the fiber and the rod.

3. Pullout Tests.

Both types of pullout tests were done employing a

universal testing machine (Instron Model 4204) using a crosshead speed of 0.5
mm/min during the loading. Specimen dimensions of each system are also listed
in Table IX. Load - displacement behavior for each specimen was recorded by
use of X-Y recorder attached to the universal testing machine.

4. Microstructures. Microstructures of interfaces were examined with a
Scanning Electron Microscope (JEOL, Model JSM - 35 CF).

C. RESULTS AND DISCUSSION

L Single Fiber Pullout with Damaged Zone. The SiC fiber was damaged
extensively after sintering carried out in air. SiC fibers were covered by a
fractured shell (Fig. 35). It was found by wavelength dispersive x-ray spectroscopy
analysis (WDS) coupled to a scanning electron microscope that the fractured shell

Fig. 33.

Design of Press Mold for Single Fiber Pullout Test Specimens.

fiber
matrix

Fig. 34.

The Geometry of Pullout Specimens.

e p o x y tab
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Fig. 35.

Damaged Surface of SiC Fiber (AVCO, SCS-6).
(bar = 100 n)
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consisted of Si02. It was reported that cristobalite was formed on the outside
surface of the Nicalon fiber (SiC) after the oxidation [40]. The formation of the
fractured shell was due to the oxidation of a carbon rich coating of the SCS-6
fiber and the higher thermal expansion coefficient of the oxidized shell compared
to that of the unreacted fiber (thermal expansion coefficient of the fiber is 4.4 x
10“6/° C and that of S i 0 2 as cristobalite is 15 x 1 0 '6/°C between room
temperature and 1000° C, including the a-p transition of cristobalite [41]).
Representative load - displacement behavior recorded during single fiber
pullout tests without a damaged zone [42] appear in Fig. 36. The overall behavior
is interpreted as follows: the peak load represents the debonding load and the
rest of the curve is due to the frictional sliding of the fiber during the pullout.
Single fiber pullout specimens with damaged zone showed three different
type of the load-displacement behavior as depicted in Fig. 37. The criteria for
grouping were: (1) whether there was a catastrophic load drop during pullout, and
(2) whether there was a substantial frictional load remaining after the load drop.
The first group did not show a catastrophic load drop. The second group showed
an abrupt load drop and still had a substantial amount of frictional load. The last
group showed only the catastrophic load drop. It was deduced that these
catastrophic load drops were due to fiber failure during pullout. The fiber
strength measured from these curves ranged from 0.7 to 1.0 GPa, while that of
as-produced fiber is 4.0 GPa [43]. All three of these groups showed load
increases after deviation from linear behavior. The deviation load was interpreted
as a debonding load, and rest of the curve was interpreted as a trace of the
frictional load.
Debonding strength and instantaneous frictional stress are calculated from
the load - displacement curves using the following equations
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stick-slip Pull-out

LOAD

smooth pull-out

Fig. 36.

Load Displacement Behavior of Specimens without Damaged Zone at the Interface.

LORD

88

Fig. 37.

Load Displacement Behavior of Specimens with Damaged Zone at the Interface.

(48)

271rt
and

PS
r s = --------------

(49)

27rr ( t - L p )

where r ^ = debonding strength
r s = instantaneous frictional stress
= debonding load
Ps = instantaneous frictional load
r

= radius of fiber or rod

t

= embedded fiber length before testing, i.e., specimen thickness

Lp = variable pullout length of fiber or rod
The debonding strength and maximum friction stress are plotted as functions of
the embedded fiber length in Fig. 38. Maximum frictional stresses were always
higher than the debonding strengths. Frictional stress change according to its
pullout distance are shown in Fig. 39. This curve is constructed from the curve in
Fig. 37a and using Eq. 49. Frictional stresses increased from 1 MPa at the
beginning of the fiber pullout to 11 MPa when the fiber pulled out 2.65 mm.
However the frictional stresses for the system without damage [42] decreased
from 7 MPa at the beginning of the fiber pullout to 3.5 MPa when the fiber pulled
out about 3.0 mm. The values of debonding strength and frictional stress of a
SCS-6 fiber in various matrix systems are summarized in Table X. Oxidation or
damage of the fiber was intentionally avoided in the systems in Table X except for
the two systems listed in the bottom of the table. Debonding strengths are always
higher than frictional stresses for the system in Table X except for the present
work. Slight oxidation at 950° C did not produce higher frictional stress than
debonding strength.

90

15
A f r ic t io n a l s t r e s s
o cjebonding stre n g th

a

Q_
2:

9 '

in
in
id
a:
H
tn

\\

3

-

¥

0
0

2

4

EMBEDDED LENGTH OF FIBER Cmm)
Fig. 38.

The Debonding Strengths and the Maximum Frictional Stresses of Single Fiber
Pullout Specimens with Damaged Zone.

FRICTIONRL STRESS CMPcO

91

PULLOUT LENGTH OF FIBER CrmO

Fig. 39.

The Variation of Instantaneous-Frictional Stresses during Pullout Testing of the
Damaged SiC Fiber.
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Table X.

The Debonding Strength and the Frictional
Stress of SCS-6 Fiber in Various Matrices

Matrix

Debonding
Strenght
MPa

CGW* 7740

4.9-6.4

*

Frictional
Stress
References
MPa
3.6-4.7

24

glass
(a=2.7xl0“6/°C)

2.9

0.06

44

SiOa

0.3

0

44

cordierite
(hot pressed)

11

5

45

cordierite
(sintered at 950“C)
•fin air)

21

8

45

cordierite
1.7± 0 .6
(present work)
(sintered at 1150#C)
(in air)
* : Corning Glass Working

6.4±3.4
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A fractograph of a single fiber pullout specimen before the test is shown in
Fig. 40. The debris from the damaged fiber was found in the interface zone. The
debris or a part of a damaged fiber shell formed an interface as shown in Fig. 41;
the photo was taken after the test, and the fracture surface was cleaned
ultrasonically. It was found that there were many damage marks on the surface of
the fiber and there were gaps between the fiber and the matrix.
The single fiber pullout behaviors are explained schematically in Fig. 42 a,
b, and c. The left side of each figure relates to the system without a damaged
zone; the right side relates to the system with a damaged zone. The left side is
denoted as system A and the right side as system B. Bonding is depicted as a set
of springs and a roller on this diagram. System B had less bonding before the test
than system A because of the damaged zone. At the debonding stage (P = P^),
system B needed less debonding load than system A. At this stage all the bonds
were broken for both systems. At the pullout stage (P = Pf), these rollers are
presumed activated for system A, the fiber was pulled out smoothly because there
was no further restriction against sliding. However for system B, there was
another restriction, namely, the debris from the damaged fiber which was
depicted as a free roller. A higher frictional load had to be overcome. Thus for
system B, the maximum frictional load could be higher than the debonding load.

2. Single Rod Pullout.

Representative load-displacement behaviors of

systems 2, 3, and 4 are depicted in Fig. 43. Abrupt load drop was not observed for
all specimens tested. Individual behaviors of individual specimens are presented
in Table XI. These specimens showed three different types of behavior: "0"
behavior was designated for the constant pullout load, " + " behavior for
increasing pullout load, and

behavior for decreasing pullout load during

pullout processes. In the system without a coating, system 2, "0" behavior was
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Fig. 40.

Location of Debris from Damaged Zone (bar = 10 /i) .
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Fig. 41 . Interface Structures of Single Fiber Pullout Specimens
with Damaged Zone after Test.
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Schematic Pullout Sequence of Fiber with or without Damged Zone.
(a) before loading, (b) at debonding stage, and (c) during pullout.
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Fig. 43.

Load Displacement Behavior of Single Rod Pullout
Specimens.
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Table XI. Pullout Load Variation during Single Rod
Pullout Testing

matrix
rod
coating
Temp.

(°C)

system 2

system 3

system4

mullite
alumina
none

mullite
alumina
zirconia

mullite
alumina
aluminosilicate

No.

1200
1
2
3
4
5

0
0
0
0
0

1
2
3

0
0
0

1
2
3
4
5

0
0
0
0
+

1300
0
+

0
0
-

+
0
0
+

—

1400

—

0
0

1450
1
2
3
4
5

+
-

—

+

—

—

—

-

-

- ; decreasing pullout load as pullout proceeded
0 ; constant pullout load during pullout
+ ; increasing pullout load as pullout proceeded
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dominant regardless of firing temperature. The system with a ZrC>2 coating,
system 3, showed a transition from "0" or " + " behavior dominant for the
specimens fired at 1300° C and 1400° C to

behavior dominant for the

specimens fired at 1450° C. For the system with an alumino-silicate coating,
system 4, a distinct load - displacement behavior change was observed for the
specimens fired at 1450° C. The specimens fired below this temperature showed
either "0" or

behavior. Debonding strength was measureably increased as the

firing tem perature increased to 1450° C. Fig. 44 shows a variation of the
debonding strengths and the maximum frictional stresses for the systems 2, 3, and
4 according to their sintering temperatures. The maximum frictional stress is
always higher than the debonding strength except for the system 4 fired at
1450° C. Fig. 45a and 45b show interfaces of system 3 fired at 1300° C and system
4 fired at 1450° C, respectively. The differences between these two systems were
the size of the gap between the rod and coatings, and the quantity of loosened
particles. Fig. 45a showed a larger gap. Loosened particles were easily found in
system 3. The frictional stress changes during pullout for these two specimens are
constructed from load - displacement curves (Fig. 46). The system with a ZrC>2
coating fired at 1300° C showed a trend basically similar to the behavior of the
system with a damaged zone while the system with the alumino-silicate coating
showed a behavior similar to the system without a damaged zone.
Im portant morphological differences between the damaged zone and
porous interface situations appear in the form o f'th e geometry of loosened
particles at the interface. The specimens with a damaged zone had a platy type of
fractured shell at the interface, while the specimens with a coating had particles
with a low aspect ratio in the interface region. Particles with low aspect ratio
seemed to provide a pullout load variation in a gradual manner. The magnitude
of the debonding strength or the maximum frictional stress for the damaged zone
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MULLITE/NONE/ROO

MULLITE/HLUMI NO- SILI CRTE/ROO

(H»a>

MULLITE/ZIRCC3NIR/ROO

Fig. 44.

The Variation of Debonding Strength and the Maximum Frictional Stresses with
Firing Temperature.
(a) mullite/none/alumina rod, (b) mullite/zirconia coating/alumina rod, and
(c) mullite/alumino-silicate coating/alumina rod.
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(b)
Fig. 45. Interface Structures of Single Rod Pullout
Specimens.
(a) zirconia coat, fired at 1300 C
(b) alumino-silicate coat, fired at 1450 C.
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Fig. 46.

The Variation of the Instantaneous Fritional Stresses during Single Rod Pullout
Tests.
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and porous interface composites ranged below 10 MPa, which is the typical range
for tough ceramic matrix composites [15].
The pullout process in composites is the last stage of failure. The
elongation of the composite up to fiber failure stage is much shorter than the
pullout length of fibers for tough ceramic matrix composites. Effects of damaged
zone and coatings will not have a significant effect on the multiple cracking of
matrix and fibers failure due to small movement of fibers in addition to their low
debonding strength; 1.7 MPa for damaged SiC fiber and 0.15 - 1.77 MPa for
porous coatings. As pullout proceeds, the effect of the weak zone will become
significant, resulting in a high pullout load. Toughening by a damaged zone will
not be appropriate for real systems because it is accompanied by weakening of
fibers. Interfaces produced via porous coatings may simulate interface regions
which are less sintered than adjacent matrix regions in real composites as shown
schematically in Fig. 14b, in which case, the toughness of these composites may be
enhanced without weakening of the fibers.

104

VIII.

SUMMARIES OF OBSERVATIONS AND CONCLUSIONS

Observations
1. The morphology of the interface was changed by varying the degree of
sintering of the matrix in oxide / oxide composites.
2. The porous matrix composite showed insufficient distribution of the
fibers and the matrix.
3. The liquid phase formed at 1200° C caused development of interfacial
bonding between the fibers and the matrix in the oxide/oxide porous composites
fabricated in these experiments.
4. The apparent porosity o f the porous composites decreased from
59.8±4.3% to 54.4±3.4% when the firing temperature increased from 110 0 ° C to
1200° C, while the porosities of pellets fabricated only with matrix powders were
4 5 .7 ± 1.2 % and 22.3±0.9% for the specimens fired at 110 0 ° C and 1200° C,
respectively.
5. Composites based on an alumino-silicate fiber (Nextel 440) and a
magnesium alumino-silicate matrix ( 1 :1 mixture of kaolinite and talc), failed
non-catastrophically in three point bending and in tensile tests.
6. The ultimate strengths o f the composites did not change with firing
tem peratures tested in tension; 12.7± 3.4 M Pa and 12 .5 ± 3 .1 M Pa for the
specimens fired at 110 0 ° C and 1200° C, respectively. They increased slightly
when tested in bending as firing temperature increased; 25.6±0.4 M Pa and
30.7±1.8 MPa for the specimens fired at 1100 ° C and 1200° C, respectively.
7. The magnitudes of the ultimate strengths of the composites from either
tensile or bend testing were lower than values from the theoretical calculation.
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8. The work of fracture measured from the tensile tests and the bending
tests showed the discrepancy; 630±206 J/m

2

and 193±7 J/m

2

for the specimens

fired at 110 0 C when tested in tension and bending, respectively.
9. The fracture surfaces of the composites from the tensile tests showed
more complex structures regardless of firing temperatures compared to those
from the bending tests. The tensile fracture surface showed features of woody
fracture.
10. Toughening mechanisms of porous matrix composites fabricated in this
study consisted of partial matrix cracking, separation of regions of locally
different volume fractions of fibers, fiber failure, pullout of individual fibers and
pullout of regions in which fibers were bonded by matrix.
11 . Damaged silicon carbide fibers provided higher frictional resistance for
the pullout of fibers.
12. Debonding strength and the maximum frictional stress of damaged SiC
fiber in the cordierite matrix were 1.7 ± 0.6 MPa and 6.7 ± 3.4 MPa, respectively.
13. Both debonding strength and the maximum frictional stress of the
interface with zirconia or alumino-silicate coating were less than 2 MPa.
14. Porous interphases from a low sinterable coating provided a gradual
variation of pullout load of an alumina rod.
15. The magnitudes of the debonding strength or the maximum frictional
stresses of the interfaces developed in this study were in the similar ranges with
those of commercially developed tough ceramic matrix composites.
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Conclusions
1. A new way to introduce the weak interface by induced porosity or
damaged zones was proposed to provide the rationale for guiding development of
oxide/oxide composites.
2. The debonding strength o f a chemically bonded interface can be
reduced by decreasing the contact area between fibers and matrix by introducing
porosity at the interface.
3. A combination of the porosity effects on mechanical properties of
ceramic materials with the debonding criterion of interfaces in ceramic matrix
composites showed possibilities to produce tough ceramic matrix composites by
introducing porous phase at or near to the interface.
4. E ven though the porous matrix composites showed non-catastrophic
failure during the mechanical tests, the improvement of microstructural
homogeneity and the appropriate selection of materials are required to optimize
the mechanical performance of porous matrix composites.
5. Partial bonding of a matrix to fibers or the porosity gradient in a matrix
near fibers can be achieved using the effects of rigid inclusions on sintering
6. E ffec ts of testing modes on fracture behavior of porous matrix
composites need to be studied further by changing load transferring process in
composites by the restriction of fiber movement at the ends of bending
specimens or by comparisons o f interfacial strengths from different testing
modes.
7. A substitution of thick monofilaments for tows o f fine fibers may
improve the distribution of fibers and matrix in porous matrix composites.
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